Polar holes were observed in the high-latitude ionosphere during a series of multi-instrument case studies close to the northern hemisphere winter solstice in 2014 and 2015. These holes were observed during geomagnetically quiet conditions and under a range of solar activities using the European Incoherent Scatter Scientific Association (EISCAT) Svalbard Radar (ESR) and measurements from Global Navigational Satellite System (GNSS) satellites.
elevation. Observations of the electron density, electron temperature, ion temperature, and ion drift line of sight velocity 95 in the ionosphere from this incoherent scatter radar (ISR) are used in this study.
The Super Dual Auroral Radar Network (SuperDARN) is a network of high latitude coherent scatter radars (Greenwald et al., 1995; Chisham et al., 2007; Nishitani et al,. 2019 ) that observe line-of-sight plasma velocities in the F-region. These measurements are assimilated using the map potential technique (Ruohoniemi and Baker, 1998) , which uses an ionospheric convection model to map the electrostatic potential pattern. Electrostatic equipotential lines are 100 streamlines of ionospheric convection flows. As the plasma drift velocity is perpendicular to both the electric and magnetic fields in the F-region (E×B drift) the plasma convection pattern can be directly inferred from the electric potential maps. GNSS signals detected by NovAtel GPStation-6 receivers at the Kjell Henriksen Observatory (KHO) (78.2° N, 16 .0° E; 15.2 o MLAT, 112.9 o MLON ) can be used to infer the effects of the ionosphere on radio waves traveling though 105 this medium. Amplitude scintillation is measured using the S4 index, which is the square root of the variance of received power divided by the mean value of the received power (Briggs and Parkin, 1963) . Phase scintillation is measured using the σϕ index, which is the standard deviation of the detrended carrier phase ϕ in radians (Fremouw et al., 1978) over 60 seconds.
The IMF was observed by the Advanced Composition Explorer (ACE), which is a NASA Spacecraft orbiting the 110 L1 Lagrangian point of the Earth Sun system, roughly 1.54 million km from the Earth (Zwickl et al., 1998) . In addition to the x-, y-and z-components of the IMF the clock angle, given by | | | | , is also considered. When the clock angle is greater than 45 degrees either |By|>|Bz| or Bz<0, in either case a two cell convection pattern is expected with antisunward flow drawing plasma from day to night across the polar cap (Thomas and Shepherd, 2018) .
Total Electron Content (TEC) maps are used to put these measurements into context. These were obtained from the 115 Madrigal Database at the MIT Haystack Observatory (Ridout and Coster, 2006; Vierinen et al., 2015) . Two other indices are used within this study. The Kp index is used as a proxy for disturbances to the geomagnetic field. The F10.7 cm solar flux is used as a proxy for solar activity. These indices were both obtained from the UK Solar System Data Centre (UKSSDC) at Rutherford Appleton Laboratory, UK.
3 Results 120
Case study: 17th December 2014
The 3-hourly Kp values observed on 17 th December 2014 between 12:00 and 23:59 UT ranged between 1-and 1+, indicating quiet conditions. The F10.7 cm solar flux was relatively high, the value of 198.5 sfu is typical of solar maximum. The IMF observed by the ACE spacecraft between 12:00 and 23:59 UT ( Fig. 1 ) was characterised by a positive value for the IMF By (mean value 4.1 nT). IMF Bz was more variable, but generally took smaller values (mean 125 https://doi.org/10.5194/angeo-2019-112 Preprint. Discussion started: 3 September 2019 c Author(s) 2019. CC BY 4.0 License. value of 1.8 nT). The clock angle was generally greater than 45 o until 19 UT, and the corresponding SuperDARN plots, a subset of which are shown in Fig. 5 , show that a two cell convection pattern dominated until at least 20 UT.
Total Electron Content (TEC) maps (Fig. 2) show the overall plasma density throughout the high-latitude regions.
The TEC maps at 12 UT and 15 UT show values of ~2 TECu (dark blue colour) in the polar cap. At 18 UT at 21 UT larger electron densities can be observed crossing the polar cap in a two cell convection pattern, with values of ~15 130 TECu (yellow colour), indicating that plasma produced by photoionisation on the dayside is being drawn into the polar cap. This plasma is being drawn into the polar cap during relatively quiet conditions (Kp~1) and is consistent with a two cell convection pattern.
The electron densities and temperatures observed by the field-aligned 42 m dish of the EISCAT Svalbard Radar (ESR) between 12:00 UT and 23:59 UT are shown in Fig. 3 . A clear depletion in the electron densities is observed 135 between approximately 16 and 18 UT at all altitudes. The electron and ion temperatures are not elevated at this time with values of approximately 1000 K, suggesting that this depletion is void of particle precipitation and did not arise from enhanced recombination due to Joule heating. In order to further investigate this depletion, a line plot of the maximum detected electron density from 90-400 km is shown (Fig. 4 ). In addition to the maximum density two other values are present on the plot, the average value for the whole day, and 35% of the average value. The depletion was 140 defined as when the electron density dropped below the 35% line and, in this case, the depletion was defined as starting at 16:29 UT and ending at 18:00 UT. The data collected by the GNSS receiver was from the GPS, Galileo and GLONASS systems and the receiver provides the azimuth and elevation of the satellite with respect to the receiver. This was converted into a latitude and longitude using the radio wave path and assuming that the data corresponds to 350 km in altitude, in line with previous studies (e.g. Cervera and Thomas, 2006; Forte and Radicella, 2002) . At low elevation angles the GNSS TEC and scintillation data can become unreliable due to multi-path issues, so observations at an elevation of less than 30° were 155 discarded. This cut of has been used in previous studies, for example Mitchell et al. (2005) . Signal lock times below TEC and phase scintillation data from GNSS satellites were taken during times when the polar hole was observed.
This hole is observed for 1.5 hours and several satellite paths are present during this time window. The GNSS TEC data 160 clearly show lower TEC levels at and around the area marked by the ESR as a hole and, on some of the satellite trajectories, sharp changes can be seen with the edge of the hole. A one-to-one correspondence between the GNSS TEC data and the EISCAT data is neither expected or observed. It is highly likely that the polar hole will evolve during the time for which it is observed, and therefore the plots in figure 5 include both spatial and temporal variation. The ESR observes the polar hole for 91 minutes and the plasma velocity inferred from figure 5 at this location is of the order 165 of150 m s -1 , indicating that the polar hole has a horizontal extent of some 800 km in a direction parallel to the plasma flow. In summary the combination of the EISCAT and GNSS TEC measurements indicate that the polar hole is present for an extended period of time (of the order of hours) over a large (hundreds of km) spatial scale.
Panels showing the location of phase scintillation on the satellite tracks are also shown in figure 5 . A low threshold of 0.2 rad was used to identify phase scintillation. The purpose of this low threshold was to ensure that any possible 170 indication of phase scintillation was included. Since TEC and scintillation are collected simultaneously, comparing the two might be expected to show increased scintillation where there are changes in TEC. No scintillation was been seen on the edges of the holes.
Case study 2: 10th December 2015
The F10.7cm solar flux for this case was lower than in the first study, with a value of 108.5 sfu. The Kp index was 175 higher, with values of 3 from 12 to 18 UT and values of 4 at 21 and 24 UT, indicating an active state, but not storm levels. Once again the IMF was variable, with Bz taking positive and negative values. By was consistently larger than Bz and dominated. As in the previous case study a two cell convection pattern was observed.
The TEC maps at 18 and 21 UT are shown in Fig. 7 . As in the previous case study these indicate higher density plasma produced at lower latitudes being drawn across the polar cap within the high latitude convection pattern, with 180 this effect maximising at 21 UT.
The 42 m ESR observations (Fig. 8) for this day show an electron density depletion that contains all the previously discussed markers. Using the same method as previously the hole was identified with the start and end position given as 15:15 and 16:43 UT. The 32 m ESR observations (Fig. 15) show a depletion at around 15 UT.
The high-latitude convection pattern was inferred from the SuperDARN radars (Fig. 11) , with the location of the 185 polar hole observed in the 42 m ESR observations, and GNSS TEC and phase scintillation measurements overlaid as in the previous case study. The 32 m ESR observations (Fig. 9) were directed poleward; indicating that this a polar hole rather than the ionospheric trough, which would be located equatorward of the radar. This second case study shows a more asymmetric convection pattern with a clear dominant dusk cell, drawing plasma across the polar cap from the pre- 
Discussion
A series of polar ionospheric holes have been detected in the high latitude nightside ionosphere in case studies close to winter solstice, under varying solar intensities and geomagnetic disturbance levels. The first study on 17 th December 2014 saw high levels of solar activity (198.5 sfu) and quiet geomagnetic conditions. The second case study, on 10 th 200 December 2015 also had lower levels of solar activity of (108.5 sfu), but had more active geomagnetic conditions (Kp=3) than in the previous study. A third case study, under quiet geophysical conditions (Kp≤2) and moderate solar activity (F10.7 cm solar flux = 116.7 sfu) on 12 th December 2015 showed similar results (not shown).
Ionospheric polar holes contain much lower electron densities than those detected through the rest of the day, this study used the maximum density at a given time dropping 35% below the daily average maximum density to identify 205 these holes. The changes in electron density are associated with large electron density gradients. Table 1 shows the electron density gradients and average hole electron density, based on observations from the ESR 42 m. The average polar hole density observed in this study is comparable to those previously reported of 10 8 -10 11 electrons·m -3 (Obara and Oya, 1989, Benson and Grebowsky, 2001) . Steep electron density gradients are observed at the edges of the holes, these are expressed in units of ΔNe·m -3 ·h -1 . Although these gradients are expressed in units of h -1 they were calculated 210 from successive observations by the ESR 42 m (these measurements are typically one minute apart). The spatial extent of these holes was at least several hundred kilometres, as inferred from the GNSS TEC measurements (all studies) and the ESR 32 m observations (case study from 17 th December 2014). Polar holes are usually associated with quiet geomagnetic conditions (Kp<2). It is notable that, on 10 th December 2015, a polar hole was observed under more active geomagnetic conditions (Kp=3). 215
The IMF conditions during the time when the polar holes were observed, and for several hours beforehand, were appropriate for antisunward cross-polar convection. The ground level solar terminator for winter is only above 70°
MLAT between 15 UT and slightly after 21 UT, reaching a maximum latitude of just under 76° MLAT on the dayside at around 21 UT, creating the possibility that plasma within the high-latitude convection pattern could circulate in perpetual darkness, thus undergoing recombination whilst simultaneously being insulated from photoionisation, or 220 precipitation, creating a polar hole. Phase scintillation has previously been observed to coincide with large plasma gradients such as on the edge of ionospheric enhancements such as polar cap patches (Jin et al., 2017) , the tongue of ionisation (van der Meeren et al., https://doi.org/10.5194/angeo-2019-112 Preprint. Discussion started: 3 September 2019 c Author(s) 2019. CC BY 4.0 License. 2014), plasma structures associated with the aurora (Kinrade et al., 2013; Oksavik et al., 2015; and the mid-latitude trough (Pryse et al., 1991) . The structures that cause scintillation arise due to the Gradient 225 Drift Instability and/or the Kelvin Helmholtz Instability (Keskinen and Ossakow, 1983; Carlson et al., 2008) . In the present study, once the boundaries and the large electron density gradients associated with them were identified these boundaries were investigated for elevated levels of phase scintillation. A threshold of 0.2 rad was used, the purpose of this low value was to ensure that any possible indication of phase scintillation was included. Across all of the observed GNSS points coinciding with the polar hole boundaries no such levels of phase scintillation were detected. Phase 230 scintillation usually dominates at high latitude (e.g., Prikryl et al., 2015) , although amplitude scintillation has also been observed (e.g. Mitchell et al., 2005) . The present study focuses upon phase scintillation as no amplitude scintillation, defined as when the S4 index was greater than 0.2, was observed on any of the TEC gradients at the boundaries of the polar holes. This is not the first time a plasma density enhancement has been observed without corresponding phase scintillation. 235 Van der Meeren et al. (2016) observed a Sun-aligned polar cap arc under quiet geomagnetic conditions without corresponding scintillation. In the present study some phase scintillation was observed, however, these points coincide with increases in TEC and the edges of spikes in electron densities at other locations. In the second case study (10 th December 2015) phase scintillation was observed at a point associated with elevated TEC (lower right panels of Fig.   11 ), but this was not associated with the assumed boundary of the polar hole. 240
When phase scintillation was observed it was always associated with electron density gradients, but converse is not always true. Therefore it appears that some minimum level of overall electron density is needed for phase scintillation to occur. Given that it is the presence of small scale structures that cause scintillation, this suggests that these small scale structures have not arisen. Figure 12 shows phase scintillation as a function of TEC and TEC rate of change. This figure also includes data 245 from a third study, using data from 12 th December 2015, which was consistent with the interpretation presented here, but which has been omitted in the interest of concision. Low scintillation can be seen at all TEC levels and for a majority of the range of TEC rates of change. On the other hand, elevated scintillation levels are only seen above approximately 6 TECU suggesting that a minimum electron density is required. This is not a new idea, in his review paper Aarons (1982) commented 'if the ionosphere is perturbed on a percentage basis, change in N in the trough will be small since 250 N is low; scintillations will then be low.' The current paper provides observational evidence to support this suggestion that a minimum electron density is required. The current paper is also consistent with suggestions made by Prikryl et al. (2015) , where the strongest phase scintillations were found to be highly collocated with regions that are ionospheric signatures of the coupling between the solar wind and magnetosphere. Polar holes appear to be areas of weak coupling, hence less scintillation. 255 A five point running mean was applied to these data. The upper horizontal line is the average value and the lower horizontal line is 35% of the average. A hole can be seen between 16:29 and 18:00 UT. 6 . The x-, y-and z-components of the IMF, and the clock angle observed by the ACE spacecraft between 12:00 and 23:59 UT on 10 th December 2015, in the same format as Fig. 1 . The data has not been time shifted to allow for the transit time from ACE to the Earth, which 490 was approximately 45 minutes. 
